Genetic imprinting is a specific epigenetic phenomenon in which a subset of genes is expressed depending on their parentof-origin. Two types of chromatin modifications, DNA methylation and histone modification, are generally believed to be involved in the regulation of imprinting. However, the genome-wide correlation between allele-specific chromatin modifications and imprinted gene expression in maize remains elusive. Here we report genome-wide high resolution allelespecific maps of DNA methylation and histone H3 lysine 27 trimethylation (H3K27me3) in maize endosperm. For DNA methylation, thousands of parent-of-origin dependent differentially methylated regions (pDMRs) were identified. All pDMRs were uniformly paternally hypermethylated and maternally hypomethylated. We also identified 1131 allele-specific H3K27me3 peaks that are preferentially present in the maternal alleles. Maternally expressed imprinted genes (MEGs) and paternally expressed imprinted genes (PEGs) had different patterns of allele-specific DNA methylation and H3K27me3. Allele-specific expression of MEGs was not directly related to allele-specific H3K27me3, and only a subset of MEGs was associated with maternal-specific DNA demethylation, which was primarily located in the upstream and 59 portion of gene body regions. In contrast, allele-specific expression of a majority of PEGs was related to maternal-specific H3K27me3, with a subgroup of PEGs also associated with maternal-specific DNA demethylation. Both pDMRs and maternal H3K27me3 peaks associated with PEGs are enriched in gene body regions. Our results indicate highly complex patterns of regulation on genetic imprinting in maize endosperm.
Genetic imprinting is an epigenetic phenomenon, where genes are expressed in a parent-of-origin dependent manner in many plant species and mammals. Although first discovered in plants (Kermicle and Alleman 1990) , research on genetic imprinting is much more advanced in mammals in terms of the number of imprinted genes identified and the understanding of their regulatory mechanisms (Koerner and Barlow 2010; Barlow 2011; Bartolomei and FergusonSmith 2011) . Only a small number of imprinted genes were observed in plants for a long time since the phenomenon is highly specific to the triploid endosperm (Raissig et al. 2011) . However, recent studies have indicated that genetic imprinting in plants is much more prevalent than previously thought, with hundreds of genes shown to be imprinted in several plant species Hsieh et al. 2011; Luo et al. 2011; Waters et al. 2011; Zhang et al. 2011) . In contrast to mammals, where the regulation of genetic imprinting has been extensively studied (Koerner and Barlow 2010; Barlow 2011; Abramowitz and Bartolomei 2012) , the understanding of regulation of parental imprinting in plants is highly limited.
DNA methylation is one of the primary modifications reported to be associated with genetic imprinting. In Arabidopsis, DNA methylation around several maternally expressed imprinted protein-coding genes (MEG) including FWA, FIS2, and MPC was shown to be important for their maternally preferred expression, as all these genes exhibited biallelic expression in endosperm fertilized with met1 pollen (Kinoshita et al. 2004; Jullien et al. 2006; Tiwari et al. 2008) . Two studies using RNA-seq in Arabidopsis also showed that a number of MEGs exhibited biallelic expression in paternal met1 endosperm, and the maternal alleles of dozens of paternally expressed imprinted genes (PEGs) were reactivated in maternal dme endosperm (Hsieh et al. 2011; Wolff et al. 2011) . In maize, five confirmed endosperm MEGs (Fie1, Fie2, Mez1, Meg1, and Mee1) contain differentially methylated regions (DMRs) (Gutierrez-Marcos et al. 2004; Gutierrez-Marcos et al. 2006; Haun et al. 2007) , and activation of the Fie1 maternal allele in the endosperm requires DNA demethylation of the maternal allele (Hermon et al. 2007) .
Another modification associated with genetic imprinting involves histone methylation. Polycomb repressive complex 2 (PRC2) is known to mediate the trimethylation of histone H3 lysine 27 (H3K27me3) (Schuettengruber and Cavalli 2009) . Results on PHE1, the only well-studied PEG in plants, indicated that silencing of its maternal allele depends on a functional PRC2 complex in addition to DNA demethylation (Kohler et al. 2003 (Kohler et al. , 2005 Makarevich et al. 2008) . Recently, a number of MEGs and PEGs were shown to be biallelically expressed in maternal fie or fis2 endosperm (Hsieh et al. 2011; Wolff et al. 2011) .
Although the studies above suggest that DNA methylation and the PRC2 complex could be responsible for monoallelic expression of imprinted genes, there is not yet any general rule for the function of DNA and histone methylation on the regulation of genetic imprinting in plants. A high resolution genome-wide map of allele-specific DNA methylation and allele-specific histone modification will be crucial to gain better understanding of the regulation of genetic imprinting. Recently, several genome-wide studies have provided evidence that allele-specific patterns of DNA methylation or parent-of-origin dependent differentially methylated regions (pDMRs) are associated with some imprinted genes in mice and plants Ibarra et al. 2012; Xie et al. 2012; Rodrigues et al. 2013) . Several studies in mammals also suggest a mutually exclusive relationship between allele-specific DNA methylation and histone modification or among different histone modifications (Xin et al. 2001; Fournier et al. 2002; Carr et al. 2007; Lindroth et al. 2008; Singh et al. 2010; Hon et al. 2012 ).
Here we report a genome-wide analysis of allele-specific DMRs, H3K27me3, and imprinted gene expression in maize endosperm. Thousands of pDMRs and allele-specific H3K27me3 peaks were identified. Correlation of pDMRs, allele-specific H3K27me3 profile, and the expression of imprinted genes showed that MEGs and PEGs have different patterns of DNA methylation and H3K27me3. This study reveals complex patterns of genetic imprinting regulation in maize endosperm.
Results

Global analysis of maize endosperm DNA methylome
To investigate the allele-specific DNA methylation pattern of maize endosperm on a genome-wide scale, we performed MethylC-seq for shoot, embryo, and endosperm tissue 12 d after pollination (DAP) of inbred B73, and the endosperm tissue 12 DAP of reciprocal crosses B73 3 Mo17 (BM) and Mo17 3 B73 (MB) (Supplemental Table S1 ). The parental origins of the two alleles in the hybrids were distinguished using 4.17 million SNPs identified from whole genome resequencing between B73 ) and Mo17 (Lai et al. 2010; Jiao et al. 2012) . Cytosine methylations were inferred by mapping of the MethylC-seq sequences to the reference B73 genome . The overall methylation level in maize endosperm compared with shoot and embryo tissue was very similar, except for CHG methylation, which was lower in the endosperm (Supplemental Fig. S1 ). Direct comparison of methylation between two parental genomes showed that the levels of methylation of the maternal and paternal genomes are almost the same in both CG and CHG contexts, with the methylation level of the maternal genome slightly lower than that of the paternal genome in CG context (Supplemental Fig. S2 ).
Identification and analyses of parent-of-origin dependent DMRs
To understand the relationship of DNA methylation and genetic imprinting, we scanned the genome for pDMRs using a slidingwindow strategy (see Methods). As a result, 6910 and 4456 pDMRs were identified in CG and CHG context, respectively. It is worth noting that pDMRs identified in our study were uniformly paternally hypermethylated and maternally hypomethylated. For validation, pDMR of Fie1 identified in this study is consistent with the previous allelic methylation study of this gene (Supplemental Fig. S3 ; Hermon et al. 2007 ). These pDMRs in the CG context (CG_pDMR) and pDMRs in the CHG context (CHG_pDMR) account for 1.5% and 1%, respectively, of the maize endosperm genome where allelic methylation can be analyzed.
Both CG_ and CHG_pDMRs exhibited lower CG content (Supplemental Fig. S4 ), a feature that was also reported for DME targets in Arabidopsis (Ibarra et al. 2012 ) and a greater enrichment in short transposable elements compared with the whole genome analyzed (P-value < 2.2 3 10 À16 ). Further analysis showed that CG_pDMR preferentially occurred in genic regions (Supplemental Fig. S5 ).
To further understand the relationship between CG_pDMRs and CHG_pDMRs, we investigated the methylation pattern (both CHG and CG) of the corresponding regions of our identified CG_pDMRs and CHG_pDMRs. We found that the majority of CHG_pDMRs (73.5%) exhibited differential methylation in their CG context, while only a small portion of CG_pDMRs (39%) showed differential methylation between two parental alleles in their CHG context. In other words, CHG_pDMRs are usually accompanied by differential methylation of the CG context. A group of CG_pDMRs had a very low level of CHG methylation in both of their parental alleles and did not show differential methylation in the CHG context (Supplemental Fig. S6 ).
Next, we examined the methylation status of these pDMRs in the shoot and embryo. All the pDMR regions exhibited much higher methylation levels in the shoot and embryo tissues compared with that of the endosperm, and the levels of methylation of paternal alleles were similar to those of the shoot and embryo (Supplemental Fig. S7 ).
Identification of additional imprinted genes in maize endosperm
A recent study ) suggested that ;1.7% of genes expressed in maize endosperm are imprinted and the currently identified imprinted genes (Waters et al. 2011; Zhang et al. 2011) are still only a small part of all imprinted genes in maize endosperm, due to the coverage of sequencing and developmental stages of samples used. Hence, we performed additional RNA-seq for samples from 12-DAP and 10-DAP endosperm of both reciprocal crosses between inbreds B73 and Mo17 (Supplemental Table S1 ). A total of 304 imprinted transcripts were identified (including the imprinted genes previously identified) using previously reported high stringent criteria where the expression level of actively expressed alleles must be at least five times that of the repressed alleles. Among these 304 transcripts, there were 125 PEGs, 143 MEGs, eight paternally expressed noncoding RNAs (PNCs), and 28 maternally expressed noncoding RNAs (MNCs).
Among our newly identified 28 MNCs, 18 of them were located partially or wholly in intronic regions of annotated genes (Supplemental Table S2 ). Interestingly, 13 of the 18 intronic MNCs are from potential PEGs, five of which were identified with reduced criteria (parental bias in both reciprocal crosses was only required to deviate from 2:1 using x 2 test at a = 0.05). However, we did not find any PNCs in the vicinity of MEGs (Supplemental Table S2 ).
Our results suggested a potential functional relationship between imprinted noncoding RNA (particularly MNCs) and PEGs. By combining our data with that of earlier reports (Waters et al. 2011; Zhang et al. 2011) 
Relationship between differential DNA methylation and imprinted genes
The availability of imprinted genes and whole genome allele-specific DNA methylome data in maize endosperm allowed us to investigate the correlation between DNA methylation and expression of the imprinted genes. We first looked at the DNA methylation pattern in CG context. In all three tissues examined (endosperm, shoot, and embryo), the overall CG methylation level for PEGs was higher than that of MEGs, while that of MEGs was about the same as nonimprinted genes ( Fig. 1A-C) . Additionally, the overall levels of DNA methylation of PEGs in the upstream and gene body regions were slightly lower in the endosperm than that in shoot and embryo tissues. There was not much difference in the DNA methylation level for either MEGs or nonimprinted genes among the three tissues ( Fig. 1A-C) . When the DNA methylation levels of the two parental alleles were examined in the reciprocal crosses, methylation levels of maternal and paternal alleles of MEGs were about the same, except for the 59 portion of gene body regions where there was maternal demethylation compared with the paternal alleles or nonimprinted genes ( Fig. 1D-F) . The DNA methylation levels of the maternal alleles of PEGs were lower than their paternal alleles along their upstream and gene body regions (Fig. 1E ). Examples of extensive maternal CG demethylation through nearly entire gene bodies were shown for two confirmed PEGs ): GRMZM2G028366 and GRMZM2G406553 (Supplemental Fig. S9 ). For CHG context, slight maternal DNA demethylation was also seen in the 59 parts of gene bodies of MEGs (Fig. 1J ). For PEGs, maternal DNA demethylation in endosperm was seen only in the upstream regions (Fig. 1K ). Similar upstream DNA demethylation can also be seen when patterns of methylation of PEGs in the endosperm are compared with those in shoot and embryo tissues ( Fig. 1G,H ).
Next, we analyzed the relationship between pDMRs we identified and the high quality imprinted genes (68 PEGs and 39 MEGs). Our results show that, compared with nonimprinted genes, both PEGs and MEGs are highly correlated with the occurrence of CG_pDMRs, or regions with both CG_pDMR and CHG_pDMR. Among 68 PEGs (including 2-kb up-and downstream regions), 41 (60.3%) of them possessed pDMRs (CG or CHG), including one PEG with CHG_pDMR only (Supplemental Tables S4, S5 ). Similarly, among 39 MEGs, 21 (53.8%) MEGs were associated with pDMRs (CG or CHG), including one MEG with CHG_pDMR only (Supplemental Tables S4, S5 ). Overall, the proportions of MEGs and PEGs associated with pDMRs were very similar. It is worth noting that, due to sequencing coverage and the availability of SNPs, the proportion of imprinted genes containing pDMRs may be underestimated. CG_pDMRs in MEGs were enriched in the Allele-specific chromatin maps for maize imprinting Genome Research 169 www.genome.org upstream and 59 portion of gene body regions ( Fig. 1D; Supplemental Fig. S10 ), while for PEGs, CG_pDMRs tended to be enriched in the upstream and gene body regions ( Fig. 1E; Supplemental Fig. S10 ).
Identification of parent-of-origin dependent H3K27me3 peaks in maize endosperm
Histone modifications such as H3K27me3 have long been known to be involved in imprinting regulation in plants. To investigate the potential relationship between allele-specific H3K27me3 and the regulation of imprinted genes in maize, we performed ChIP-seq using an antibody of H3K27me3 for both 12-DAP BM and MB endosperm tissues (Supplemental Table S1 ).
Using MACS software , 17,652 and 22,962 H3K27me3 peaks were identified in BM and MB, respectively. Among them, 12,125 peaks identified in both BM and MB were kept for further analysis. Quantitative real-time PCR were performed for four randomly selected candidate peaks and all of them exhibited significant enrichment for the H3K27me3 antibody compared with the control (Supplemental Fig. S11 ). Comparing with previously reported H3K27me3 ChIP-seq data from B73 shoot (Wang et al. 2009 ), we found only 24.3% peaks overlapped between shoot and endosperm, indicating that the targets of PRC2 in different development stages (vegetative and reproductive) exhibit high tissue specificity, which is similar as in Arabidopsis (Weinhofer et al. 2010) .
We developed a protocol to screen for allele-specific H3K27me3 peaks (see Methods). With our stringent criteria, 1131 parent-oforigin dependent H3K27me3 peaks were identified. Interestingly, all of the allele-specific H3K27me3 peaks identified were enriched in maternal alleles. Two resulting allele-specific peaks were selected for experimental validation. They both were confirmed to be maternally preferred (Supplemental Fig. S12 ).
Further analysis showed that only 52 of 1131 (4.6%) maternally preferred H3K27me3 peaks overlapped with shoot H3K27me3 peaks, suggesting that most of these peaks are very likely endosperm specific. The genomic distribution (using the working gene set) for the identified peaks showed that maternally preferred peaks had some enrichment in introns and intergenic regions compared with all peaks identified in the endosperm (P-value < 2.2 3 10 À16 )
( Fig. 2A,B) . The 1131 maternally preferred peaks also exhibited lower CG content when compared with all peaks in endosperm, and more so when compared with the peaks identified from shoot tissue (Supplemental Fig. S13 ).
Correlation between maternally preferred H3K27me3 peaks and imprinted genes
To understand the relationship of maternally preferred H3K27me3 peaks and genetic imprinting, we investigated the distribution of maternally preferred H3K27me3 peaks around MEGs, PEGs, and nonimprinted genes. We found that maternally preferred H3K27me3 peaks were strongly associated with PEGs, but not with MEGs or nonimprinted genes (Fig. 2C) . Among 68 high quality PEGs, 42 (61.8%) of them overlapped with H3K27me3 peaks we identified, and all 42 PEGs contained peaks that can be tested for their allelic preferential enrichment. Thirty six (85.7%) out of the 42 PEGs have maternal-specific H3K27me3 peaks ( Fig. 2C ; Supplemental Table S6 ) according to our high stringency criteria of at least 85% of reads derived from one parent in both reciprocal hybrids. The other six PEGs also have at least 75% of H3K27me3 peaks in their maternal alleles in both BM and MB hybrid endosperm. In contrast, among 39 MEGs, only six (15.4%) MEGs overlapped with H3K27me3 peaks we identified. Although four of the six MEGs overlapped with H3K27me3 peaks that can be analyzed for allelic preference, none of them contained an H3K27me3 peak that showed apparent parental preference (Fig. 2C) . Similarly, among 3937 nonimprinted genes, there are only 90 (2.3%) genes that have H3K27me3 peaks. Forty-eight of them contained peaks that can be analyzed for allelic preference, and only three (6.3%) genes had maternally preferred H3K27me3 peaks (Fig. 2C) . In summary, H3K27me3 peaks in endosperm tend to be enriched around imprinted genes, especially around PEGs. More importantly, allelespecific H3K27me3 peaks we identified only occur around PEGs. We also found that maternally preferred peaks were located throughout the gene body regions of PEGs (Fig. 2D) . Due to the high stringency criteria used, the number of allelespecific peaks and the proportion of PEGs containing H3K27me3 peaks were underestimated. For example, if including peaks that existed only in BM or MB endosperm, 54 (79.4%) PEGs possessed peaks. Accumulation of additional data generated from both BM and MB endosperm may reveal that a majority of PEGs will be associated with peaks.
We then investigated the imprinting status of all the genes that overlapped with maternally preferred H3K27me3 peaks. For the 246 genes (including regions of 2 kb up-and downstream of genes) that overlapped with at least one maternally preferred H3K27me3 peak, there are 115 genes for which imprinting status can be called from our transcriptome data. Of the 115 genes, 75 (65.2%) are PEGs. This proportion is increased to 89.6% using lower criteria for identifying imprinted genes, where parental bias is only required to deviate from 2:1 by x 2 test (a = 0.05) in both reciprocal crosses. Our results suggest that the majority of genes overlapping with maternally preferred H3K27me3 peaks exhibit paternally preferred expression.
Regions with maternally preferred H3K27me3 peaks tend to exhibit allele-specific differential DNA methylation
Previous studies have revealed that DNA methylated regions usually exclude the PRC2 targeting (Weinhofer et al. 2010; Deleris et al. 2012) . However, the relationship of parent-of-origin dependent allele-specific H3K27me3 peaks and allele-specific DNA methylation has never been tested at the genome scale for any plant. All the H3K27me3 peaks identified in endosperm exhibited extreme hypermethylation (>80%) or extreme hypomethylation (<20%) in both shoot and embryo. However, a portion of regions with peaks in the endosperm had medium levels of CG methylation in the endosperm (Fig. 2E ). These regions with medium levels of DNA methylation correspond mostly to maternal-specific H3K27me3 peaks and these maternal peaks are hypermethylated in both shoot and embryo (Fig. 2F) . When the two parental alleles in endosperm were examined separately, the paternal alleles of these maternally preferred peaks were hypermethylated, while their maternal alleles were hypomethylated (Fig. 2G) . DNA methylation in CHG context for these maternal peaks exhibited a very similar pattern as that of CG context (Supplemental Fig. S14 ). On one hand, 62% (70%) of CG_pDMRs (CHG_pDMRs) that overlap with H3K27me3 peaks had H3K27me3 preferentially target to maternal alleles. On the other hand, 59% (65%) of regions of maternally preferred H3K27me3 peaks where CG (CHG) methylation can be analyzed contained CG_pDMRs (CHG_pDMRs). These numbers are much larger than comparisons using all of the analyzable H3K27me3 peaks (20% for CG_pDMRs, 15.5% for CHG_pDMRs). Our results suggest that a considerable portion of allelic differential DNA methylation and allelic H3K27me3 tend to occur together in the genome. Figure 3 shows an integrated view of a selected genomic region of ;400 kb of chromosome 8. This region includes an experimentally confirmed PEG (GRMZM2G477503), one maternally expressed intronic noncoding RNA MNC-18 , and nine other genes (three nonimprinted genes and six genes with unknown imprinting status) (Fig.  3A) . Globally, both DNA methylation and H3K27me3 in most SNPs examined (covered by at least five reads) in the region were biallelically distributed without significant parental bias. However, several maternally preferred H3K27me3 peaks were found to cover nearly the entire PEG (GRMZM2G477503). Additionally, two pDMRs were identified, with one of them located in the longest intron of GRMZM2G477503 (Fig. 3A,B) . The intronic noncoding RNA MNC-18 resides within the CG_pDMR region of the PEG and overlaps with maternal-specific H3K27me3 peaks (Fig. 3B ).
Discussion
The endosperm has been subjected to extensive epigenetic studies, as it is the primary tissue where genetic imprinting occurs in higher plants. In this study, we present genome-wide high resolution allele-specific maps of both DNA methylation and H3K27me3 in maize endosperm. Integration of 6910 CG_pDMRs, 4456 CHG_pDMRs, 1131 maternally preferred H3K27me3 peaks and the expression of 107 imprinted genes provides an unprecedented opportunity to uncover global patterns of association between allele-specific chromatin modifications (DNA methylation and H3K27me3) and genetic imprinting.
Several models for the regulation of genetic imprinting in the endosperm have been proposed in recent reviews (Raissig et al. 2011; Jiang and Kohler 2012; Kohler et al. 2012) , which were primarily (Hsieh et al. 2011; Wolff et al. 2011) . In these models, it has been generally discussed that DNA methylation and H3K27me3 modification are both involved in the regulation of PEGs and MEGs. Based on our data, we present an updated model for the regulation of genetic imprinting with emphasis on the involvement of DNA methylation and/or H3K27me3 in particular subgroups of MEGs and PEGs (Fig. 4) .
For any imprinted gene, its monoallelic expression can be the result of either activation or repression of one allele. For example, MEGs can be either due to maternal activation or paternal repression, while PEGs can be either due to maternal repression or paternal activation. It is reasonable to hypothesize that most MEGs expressed specifically in endosperm are maternally activated, while MEGs expressed also in other tissues are paternally repressed. Similarly, PEGs expressed only in the endosperm are likely to be paternally activated, while PEGs expressed also in other tissues can be maternally repressed. Using the RNA-seq data of 27 samples of various tissues from previous studies (Supplemental Table S7 ) ( Jia et al. 2009; Wang et al. 2009; Li et al. 2010; Davidson et al. 2011; Zhang et al. 2011; Bolduc et al. 2012; Kakumanu et al. 2012 ) and data of endosperm and embryo from this study, MEGs and PEGs can be respectively divided into two subgroups: genes expressed primarily in endosperm and genes also expressed in other tissues (Supplemental Fig. S15 ). About 61.5% (24/39) of MEGs and 76.5% (52/68) of PEGs are expressed in other tissues. The subgroups of MEGs and PEGs have distinct DNA methylation profiles (Supplemental Fig. S16 ) and different extents of association with pDMRs (Table 1) . Among 15 MEGs with endosperm-specific expression, 11 (73.3%) of them possessed pDMRs, compared with 10 (41.7%) of the 24 MEGs expressed in other tissues (Table 1 ). In contrast, four (25.0%) of the 16 PEGs with endosperm-specific expression and 37 (71.2%) of the 52 PEGs expressed in other tissues possessed pDMRs (Table 1 ). The two subgroups of PEGs are highly associated with allele-specific H3K27me3 (Table 1) .
For maternally activated MEGs (estimated to be ;38% of total MEGs), we propose that maternal DNA demethylation around the upstream and the 59 portion In central cells, the methylation of pDMR regions can be removed by DME-like demethylase, but not in sperm cells. After fertilization, pDMRs that were identified in the endosperm exhibit maternal DNA demethylation and paternal DNA hypermethylation. Maternal DNA demethylation of these MEGs results in their maternally preferred expression. (B) Model for paternally repressed MEGs. MEGs expressing in endosperm but also in other tissues are probably paternally repressed. The nonexpression of the paternal alleles of these MEGs may have resulted from paternally specific unknown repressor(s). (C ) Model for maternally repressed PEGs. PEGs expressing in endosperm but also in other tissues are probably maternally repressed. Paternal preferred expressions of these PEGs require both DNA methylation and H3K27me3. In central cells, DNA methylation in pDMRs is removed, but not in sperm cells. In the endosperm, H3K27me3 only targeted to the maternal alleles with DNA demethylation of the pDMR regions (demonstrated by maternal-specific H3K27me3). As the paternal alleles remain hypermethylated, they cannot be targeted by H3K27me3. Repression of the maternal alleles by H3K27me3 led to the paternal preferred expression of these PEGs. (D) Model for paternally activated PEGs. PEGs expressing specifically in endosperm are probably paternally activated (de-repressed) PEGs. In other tissues, these PEGs possibly possess biallelic H3K27me3 peaks. As only maternal-specific H3K27me3 peaks were identified in endosperm, it is likely that for these PEGs, their paternal alleles have lost their H3K27me3, which resulted in paternally specific expression. The dashed boxes around the central cell and sperm cell indicate that the gene expression and chromatin modification in these tissues have not been supported by experimental data.
of their gene body regions leads to maternal-specific expression (Fig. 4A) , as a majority (>70%) of them are associated with pDMRs. Consistent with our data, results in Arabidopsis showed that the met1 and dme mutants affect a relatively small number of MEGs (Hsieh et al. 2011; Wolff et al. 2011) . However, for the paternally repressed MEGs subgroup (;62% of total MEGs based on our estimation) expressed also in other tissues, maternal-specific expression would require unknown repressor(s), as they are less likely associated with pDMRs and rarely with allele-specific H3K27me3. Still, ;41.7% of this paternally repressed MEGs subgroup contained pDMRs, implying that the current expression data are not optimal for separation of the two subgroups. The maternal-specific expression of some MEGs has been proposed to be simply a result of mRNA transported from maternal tissues (Hsieh et al. 2011) . Interestingly, the imprinting status of some MEGs was also changed in fie or fis2 mutants in Arabidopsis (Hsieh et al. 2011; Wolff et al. 2011) . We argue that this could be due to an indirect effect. According to our criteria, no parental-specific H3K27me3 is shown to be associated with any MEG, although potential enrichment (much lower than our criteria) of paternal H3K27me3 for a few MEGs has been previously reported (Haun and Springer 2008) .
For maternally repressed PEGs (;77% of total PEGs), we propose that they require both maternal-specific DNA demethylation and maternal-specific H3K27me3 peaks. We showed that >70% of these PEGs are associated with pDMRs and >80% are associated with maternal-specific H3k27me3. Maternal DNA demethylation is likely to occur before maternal H3K27me3. The ''constitutive'' PEGs, which displayed gene body DNA hypermethylation in shoot and embryo (Supplemental Fig. S16 ), are generally not targets of H3K27me3 in vegetative tissues according to a recent study (Makarevitch et al. 2013) . Previously reported ChIP-seq data (Wang et al. 2009 ) showed that only three out of 52 PEGs had H3K27me3 peaks in shoot. Our analysis suggests that there is another subgroup of PEGs, the paternally activated PEGs subgroup (estimated to be ;23% of total PEGs), for which the imprinted expression can be due to paternal-specific removal of H3K27me3. These PEGs are expressed specifically in the endosperm and a majority of them are associated with maternal-specific H3K27me3. These PEGs were shown to have already been targeted (14 out of 16 PEGs) by H3K27me3 in shoot (Wang et al. 2009 ). Both subgroups of PEGs involve H3K27me3: the de novo addition of maternal H3K27me3 or paternal-specific removal of H3K27me3. Our model fits very well with the recently reported H3K27me3 distribution of PEGs in several maize vegetative and reproductive tissues (Makarevitch et al. 2013) . Our model is also consistent with results in Arabidopsis where most PEGs identified in their study expressed biallelically in fie or fis2 mutants (Hsieh et al. 2011; Wolff et al. 2011) .
It has been suggested that DNA demethylation is required but not sufficient for targeting of PRC2 complex (Mathieu et al. 2005; Stroud et al. 2013) . Since several noncoding RNAs (particularly MNCs) were shown to be associated with PEGs, we speculate that maternal DNA demethylation around PEGs may potentially lead to the transcription of MNCs, which then facilitate the PRC2 complex, with later function in directing H3K27me3. Long noncoding RNAs have long been regarded as an important regulator of imprinting in mammals (Pauler et al. 2007; Peters and Robson 2008) . Several long noncoding RNAs such as Kcnqlot1, Air, and Xist were shown to have regulatory function in an imprinting cluster (Mohammad et al. 2009 ). Among 18 intronic MNCs identified, 13 of them were transcribed from intronic regions of 12 PEGs. Among these 12 PEGs containing MNCs, 11 PEGs (including 12 MNCs) overlapped with pDMRs. However, due to the limited sequencing depth of ChIP-seq data, only two of these PEGs with MNCs overlapped with maternal-specific H3K27me3 peaks. A mediation function of long noncoding RNAs on the PRC2 complex has been reported in several studies of mammals Zhao et al. 2010; Kotake et al. 2011; Margueron and Reinberg 2011; Deleris et al. 2012 ) and plants (Heo and Sung 2011) , though the exact regulatory role of imprinted noncoding transcripts on imprinting in maize remains to be tested.
Methods Tissue collection
Shoot, 12-DAP embryo, and 12-DAP endosperm tissue from the inbred B73 and 10-DAP and 12-DAP endosperm from reciprocal crosses of B73 and Mo17 were harvested. The seeds of B73 were planted in the incubator for 14 d, and the aerial parts of seedlings from at least three plants were collected for shoot tissue. Embryo and endosperm tissues were collected from at least three plants in the field by manual dissection and the embryos were washed three times after separation from the endosperm. We did not perform biological replication for each cross in our analysis of imprinted genes, as DNA methylation and H3K27me3 patterns were consistent in the reciprocal crosses.
Library construction for RNA-seq, MethylC-seq, and ChIP-seq RNA-seq was performed as described in our previous study , using 12-DAP and 10-DAP endosperm of reciprocal crosses of B73 and Mo17.
The libraries for MethylC-seq using shoot, embryo, and endosperm of 12 DAP of inbred B73, and 12-DAP endosperm of re- Cold Spring Harbor Laboratory Press on December 21, 2017 -Published by genome.cshlp.org Downloaded from ciprocal crosses of B73 and Mo17, were constructed as described in our previous study .
ChIP was done following the protocol described in Liu et al. (2008) . The libraries for ChIP-seq using 12-DAP endosperm of reciprocal crosses of B73 and Mo17 were constructed by the normal library construction protocol for ChIP-seq.
Pipeline for analysis of MethylC-seq
MethylC-seq reads were done using the recommended workflow (Krueger et al. 2012 ). Low quality bases were filtered using SolexaQA software (Cox et al. 2010) . Next, processed reads were mapped to the B73 reference using Bismark (Krueger and Andrews 2011) .
Informative SNPs were used for allele assignment of reads from MethylC-seq. For SNPs that may be changed due to bisulfite conversion, their bisulfite-converted forms were considered. When more than one SNP existed in a read or a read pair, the results of allele assignment of all the SNPs should be identical. For CG and CHG contexts, the reads from forward and reverse strand were merged together. Cytosine sites covered by at least five reads were used in subsequent analyses. Statistically significant alellic methylation bias was assessed using Fisher's exact test. Resulting P-values were corrected with the Q-value method (Storey and Tibshirani 2003) and a FDR of 1% was accepted.
Identification of pDMRs
Different criteria were formulated to identify CG_pDMR and CHG_pDMR. First, due to the limit of sequencing depth, we adopted a sliding-window approach with window size of 200 bp and slide step of 20 bp to find DMRs across the whole genome. Windows containing more than five CGs/CHGs supported with at least five reads were kept. Second, the significance of allele bias of each window was weighed by P-value using Fisher's exact test. Resulting P-values were converted to Q-values and a FDR of 1% was accepted. Finally, the remaining windows were filtered by the following criteria: the level of methylation between two alleles differed >30% (the actual level, not their relative percentage) and, for CG context, the hypermethylated alleles had methylation levels >40%. The candidate pDMRs were then further filtered using a smaller window size of 50 bp, and pDMRs within 200 bp were merged.
Identification of imprinted genes
Imprinted genes were identified using a similar pipeline as described in Zhang et al. (2011) except that mapping software TopHat (Trapnell et al. 2012 ) was used. SNPs between B73 and Mo17 genomes were also updated. Candidate imprinted protein-coding genes and noncoding RNAs were manually analyzed.
Analysis of H3K27me3 ChIP-seq data
ChIP-seq reads were mapped to B73 reference genome using Bowtie (Langmead et al. 2009 ). H3K27me3 peaks were identified using MACS ). The following parameters in MACS were used to call the H3K27me3 peak: (1) P-value # 1 3 10 À5 ; (2) mfold (10-30); (3) genome size, g = 2.06 3 10 9 .
Identification of parent-of-origin dependent H3K27me3 peaks
ChIP-seq reads from two reciprocal hybrids were mapped to B73 and simulated Mo17 genome, respectively. A simulated Mo17 genome was constructed by substituting Mo17 bases for B73 bases in the SNP sites. Peaks with at least two SNPs and with at least 10 reads on both B73 and Mo17 alleles were used for allele-specific peak analysis. As the endosperm has two copies of maternal alleles and only one paternal allele, two-tailed x 2 tests were performed for each peak to test parental bias greater or less than 2:1 (a = 0.05) in both reciprocal hybrids. Final parent-of-origin dependent H3K27me3 peaks were identified for those with at least 85% of reads derived from one parent in both reciprocal hybrids.
Classification of imprinted genes based on expression patterns
RNA-seq data of 27 samples from several previous studies (Supplemental Table S7 ; Jia et al. 2009; Wang et al. 2009; Li et al. 2010; Davidson et al. 2011; Zhang et al. 2011; Bolduc et al. 2012; Kakumanu et al. 2012 ) and our endosperm and embryo data were aligned to maize B73 reference (V2) using TopHat (Trapnell et al. 2012) . Reads per kilobase of transcript per million mapped reads (RPKM) for each gene were calculated. Hierarchical clustering analysis using MeV (http://www.tm4.org/mev.html) was conducted on the relative expression value by setting parameters: average linkage and Euclidean distance. For a gene in a special sample, relative expression value was the RPKM normalized by the maximum RPKM value of the gene over all samples. Based on the results of cluster, we extracted MEGs (or PEGs) primarily expressed in endosperm as a subgroup and the rest of MEGs (or PEGs) assigned to the other subgroup.
Data access
Data generated in this study have been submitted to the NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra) under accession number SRP011991.
